Background & Aims: Vitamin D has immune modulating effects on cytokines. Serum vitamin D levels are associated with the risk of relapse in patients with ulcerative colitis (UC), through unknown mechanisms. We tested the hypothesis that this beneficial role of vitamin D on UC is mediated through anti-inflammatory serum cytokine profiles. Methods: Serum samples from a prospective cohort of seventy UC patients in clinical remission were collected and baseline histological and endoscopic scores were recorded at enrollment. Clinical relapse events were recorded over the 12-month follow-up period. Serum vitamin D and cytokines levels (IL-6, IL-8, IL-17A, TNF-α, IFN-γ, IL-4, IL-10) were quantified using ELISA. Linear regression was used to determine correlation between vitamin D and cytokine profiles. Logistic regression models were used to determine the association between serum cytokine profiles and baseline histologic mucosal healing and clinical relapse. Results: Higher serum vitamin D levels positively correlated with higher ratios of IL-4 + IL-10/IL-17A + TNF-α (r = 0.37, P < .01), and IL-4 + IL-10/IL-6 + TNF-α (r = 0.32, P < .01). In multivariate analysis, IL-4 + IL-10/ IL-17A + TNF-α ratios at baseline were associated with the presence of histologic mucosal healing (O.R. 1.29, 95% CI 1.02-1.62, P = .03). A higher ratio of serum IL-4 + IL-10 to IL-6 + TNF-α was associated with a reduced risk of clinical relapse (O.R. 0.72, 95% CI 0.58-0.89, P = .003), and longer time to relapse (p = .03), over the 12-month follow-up period. This ratio during remission had an AUC of 0.7 in predicting later clinical relapse. Conclusions: Vitamin D is associated with anti-inflammatory serum cytokine profiles. Anti-inflammatory cytokine patterns may mediate the protective effects of higher serum vitamin D levels in patients with ulcerative colitis.
Introduction
Cytokines are important mediators of inflammation. An imbalance between anti-inflammatory and proinflammatory cytokines underlies the pathogenesis of various inflammatory disorders [1] [2] [3] . Ulcerative colitis (UC) and Crohn's disease are inflammatory bowel diseases (IBD) that have been shown to have dysregulated systemic and intestinal cytokine responses [4] [5] [6] . Emerging therapeutic strategies are aimed at targeting cytokines or shifting the cytokine response to favor a more anti-inflammatory phenotype (e.g. Ustekinumab, Tofacitinib).
Vitamin D has been increasingly recognized for its immunomodulatory role and has been implicated in the pathogenesis of autoimmune disorders [7, 8] . Vitamin D has been shown to have numerous and dynamic effects on the immune system, ranging from altering T cell responses [9, 10] to influencing dendritic cell differentiation and protecting epithelial mucosal barriers against inflammation [11, 12] . Vitamin D has also been shown to regulate cytokine pathways. In one in vitro study [13] involving peripheral blood mononuclear cells, vitamin D induced a dose-dependent, down regulation of proinflammatory cytokines IL-6, TNF-α, IL-17, and IFN-γ, while increasing the anti-inflammatory cytokine IL-10. Similar studies [14] [15] [16] demonstrated that vitamin D inhibited the production of proinflammatory cytokines (IL-6, TNF-α, IL-17, IL-21, IFN-γ) by macrophages and T cells. In another study [17] T on serum cytokine production in patients. In one randomized, controlled trial (RCT) involving healthy adult patients [18] , supplemental vitamin D increased the serum concentration of IL-10 and IFN-γ in patients with initially low serum vitamin D. In two other RCTs [19, 20] , vitamin D supplementation resulted in increased serum levels of IL-10 in congestive heart failure patients, while TGF-β was increased in multiple sclerosis patients. Clinical studies evaluating the effect of vitamin D and cytokine profiles in IBD patients are lacking. One prospective study [21] in patients with Crohn's disease demonstrated that circulating levels of IL-10 were lower in patients with lower serum vitamin D levels, but did not link these to clinical outcomes. No current studies exist exploring vitamin D status and serum cytokine profiles in patients with ulcerative colitis. The clinical impact of vitamin D status on IBD patients, especially in patients with ulcerative colitis has recently attracted significant attention. One recent prospective study [22] demonstrated that low vitamin D is associated with higher morbidity, disease severity, and healthcare utilization in IBD patients. In another study [23] , serum vitamin D was found to be inversely associated with mucosal inflammation in UC patients. Our group recently demonstrated that low serum vitamin D during remission increases the risk of UC clinical relapse independent of endoscopic or histologic grade [24] . Despite the increasing evidence of the benefits of vitamin D on ulcerative colitis, a mechanistic link between vitamin D and its immunoprotective effects in ulcerative colitis patients is not well understood.
Considering the effect that vitamin D has on cytokine production by circulating immune cells, and the imbalance in cytokine responses that underlie the pathogenesis of ulcerative colitis, we hypothesized that higher serum vitamin D is associated anti-inflammatory serum cytokine profiles and that this shift towards a more anti-inflammatory cytokine phenotype protects against clinical relapse. In this prospective study, we thus sought to determine the association between serum cytokine profiles and vitamin D levels during a period of clinical remission and their impact on presence of histologic mucosal healing at enrollment and subsequent risk of clinical relapse in ulcerative colitis patients.
Materials and methods

Study design and patient enrollment
We conducted a prospective study of patients with UC in clinical remission, defined by a Simple Clinical Colitis Activity Index (SCCAI) ≤2 [25, 26] , who were recruited after a surveillance colonoscopy from the Inflammatory Bowel Disease Center at Beth Israel Deaconess Medical Center (BIDMC), Harvard Medical School, Boston, MA from 2009 to 2012. The study was approved by the BIDMC institutional review board (IRB) under protocol # 2009P000314. A total of seventy patients who had baseline serum samples collected at the time of index colonoscopy were enrolled in the study. After the 12-month follow-up period was completed, blinded investigators (JG, SM) measured serum vitamin D and serum cytokine levels in these de-identified samples. Age, gender, ethnicity, smoking status, creatinine, duration of disease, extent of disease, relevant medications (current NSAIDs, current 5-ASA, current 6MP/AZA, current anti-TNF-α, steroids in the past year, and vitamin D supplementation), and season of enrollment were recorded for each patient. Baseline laboratory values (white blood cell count, hematocrit, erythrocyte sedimentation rate, and C-reactive protein) were also obtained. (Table 1) . Since this was an observational cohort study, we did not actively supplement patients with vitamin D. Furthermore, we did not assess for baseline dietary vitamin D intake or initiation of vitamin D supplementation anytime during the follow-up periods.
Assessment of baseline endoscopic and histologic inflammation and clinical relapse
Each enrolled patient had a clinically-indicated surveillance colonoscopy. During the index colonoscopy, endoscopic activity was classified using the sigmoidoscopy sub-score of the Mayo activity index based on the most inflamed segment of the colon. [27] Histological activity in all segments was classified using the Geboes score by a GI pathologist blinded to endoscopic scores. [28] For each patient, a total Geboes score was assigned to biopsies from each colonic segment and the highest score (most inflamed segment) was used as the cumulative histologic score. In our study, we defined endoscopic inflammation as a Mayo endoscopic score (MES) ≥2. Histologic inflammation was defined as a Geboes histologic score ≥3. Histologic mucosal healing was defined by Geboes histologic score < 3. "Clinical relapse" during the follow-up periods (at 3, 6, and 12 months) was defined as a SCCAI score > 2, medication intensification, or UC-related hospitalization at any time during our follow-up period of 12 months. Medication intensification was defined by an increase in dose of current regimen, addition of another medication, or change in class of medication due to symptom relapse. Of note, physicians assessing for clinical relapse were blinded to baseline endoscopic and histologic grade, serum vitamin D levels, and serum cytokine profiles.
Vitamin D measurement
Serum vitamin D levels (25(OH)D) were measured by using a commercial enzyme-linked immunosorbent assay (ELISA) kit (Calbiotech, San Diego, CA) according the manufacturer's instructions. From our previous study [24] , we determined that a serum vitamin D cutoff of ≤35 ng/mL had the greatest association with clinical relapse. This serum cutoff was used in our univariate and multivariate logistic regression models for clinical relapse. To account for seasonal variations in vitamin D in New England, the year was dichotomized to a "low sunlight season" (September to February) and a "high sunlight season" (March to August). Sunlight season was included as a co-variate in our logistic regression analysis for risk of clinical relapse.
Multiplex cytokine measurement
A magnetic bead-based multiplex human cytokine assay (Milliplex, MAP Kit; EMD Millipore Corporation, St. Charles, MI) was used to simultaneously measure multiple cytokines (IL-6, IL-8, IL-17A, TNF-α, IFN-γ, IL-4, and IL-10) in patients' serum samples. Samples, standards (6-point dilution), and quality controls were mixed with antibodylinked magnetic beads on a 96-well plate and incubated overnight at 4°C with shaking. Plates were washed twice with Wash Buffer and well contents were removed by decanting with a hand-held magnet. Following a 1 h incubation at room temperature (RT) with biotinylated detection antibodies, Streptavidin-Phycoerythrin was added and further incubated with a shaker for 30 min. Plates were washed as above, Drive Fluid was added to each well, and the plate was run on MAGPIX Multiplex Reader (Luminex Corporation, Austin, TX). The analysis was performed on xPONENT Software. All samples and standards were analyzed in duplicate, and plates were sealed and wrapped with aluminum foil at all times during incubation.
Serum cytokine profiles and correlation with serum vitamin D
In this study, anti-inflammatory cytokines included IL-4 and IL-10 and proinflammatory cytokines included IL-6, IL-8, IL-17A, TNF-α, and IFN-γ. We constructed serum cytokine profiles which included individual serum cytokines levels, ratios of anti-inflammatory-to-proinflammatory cytokines, sums of anti-inflammatory cytokines, combinations of sums of proinflammatory cytokines, and ratios of sums of antiinflammatory cytokines to sums of proinflammatory cytokines. (Table 2  and Supplementary Table 1) We plotted serum cytokine profiles as a function of serum vitamin D, performed linear regression analyses and calculated Pearson's r coefficient and p values using GraphPad Prism (version 7.01; GraphPad Software Inc., La Jolla, CA).
Serum cytokine profiles, receiver operator characteristic (ROC) curve, univariate and multivariate analyses
We initially performed univariate linear regression analyses for each serum cytokine profile in order to define their effect on risk of baseline histologic mucosal healing and clinical relapse at 12 months. (Supplementary Table 1 ) Serum cytokine profiles with a trend towards association (p < .300) with histologic mucosal healing or clinical relapse were chosen for further analysis with a receiver operator characteristic (ROC) curve. We constructed ROC curves to determine the ability of each of these candidate cytokine profiles to identify patients with baseline histologic mucosal healing or predict the outcome of clinical relapse. For each ROC curve analysis, we calculated an area under the curve (AUC) and associated p values. (Table 3) The serum cytokine profiles with the highest AUC and lowest p values (greatest association with histologic mucosal healing or clinical relapse) were chosen for inclusion into our multivariate analyses. We determined serum cytokine ratio thresholds using data derived from the ROC curve analyses. Serum cytokine ratio thresholds with the greatest likelihood ratios to detect the presence of mucosal healing or predict clinical relapse were selected. Patients were dichotomized based on these thresholds which we used in our multivariate logistic regression models. Construction of ROC curves and calculations were performed using GraphPad Prism (version 7.01; GraphPad Software Inc., La Jolla, CA).
Statistical analysis
The predictive value of clinical variables on presence of histologic mucosal healing or clinical relapse, odds ratio (OR) with its 95% confidence interval (CI), and p-values were assessed using JMP Pro 12.0 (SAS Institute Inc., North Carolina). Dichotomous variables were analyzed for outcomes using χ 2 test or Fisher's exact test where appropriate, and continuous variables analyzed using t-test if normally distributed, or Wilcoxon test for non-normal data. Correction for multiple testing was included. All variables were initially analyzed in a univariate fashion to determine their association with baseline mucosal healing or clinical relapse. We included all co-variates in our multivariate logistic regression models for baseline histologic mucosal healing and risk of clinical relapse. Model building was based on forward stepwise logistic regression. We also performed a time-to-event analysis to detect a difference in time to clinical relapse among patients with a serum anti-inflammatory-to-proinflammatory cytokine ratio L-4 + IL-10/IL-6 + TNF-α > 13.03 vs ≤13.03 (threshold based on ROC curve analysis). All figures were generated using GraphPad Prism (version 7.01; GraphPad Software Inc., La Jolla, CA). Table 1 details the baseline phenotype of the enrolled cohort. The mean serum Vitamin D level in the cohort was 44 ng/mL ( ± 29). Only 8 patients (11.4%) had steroid use in the past year. Vitamin D supplementation use was reported by 42 patients (60%). Among the seventy patients enrolled, endoscopic inflammation was present in 9 patients (13%), while histologic inflammation was present in 32 patients (46%) at baseline. At the end of the 12-month follow-up period, 20 patients relapsed while 50 patients remained in clinical remission. All patients who later relapsed had a SCCAI > 2 at follow-up. Clinical relapse outcomes in our cohort included: SCCAI > 2 alone (N = 5), SCCAI > 2 with resulting medication intensification (N = 13), and SCCAI > 2 with resulting medication intensification and hospitalization (N = 2). Table 2 summarizes mean baseline serum cytokine levels, among ulcerative colitis patients based on relapse status at 12 months and presence of baseline mucosal healing or inflammation at enrollment.
Results
Baseline patient characteristics and clinical relapse at 12 months
Baseline serum cytokine profiles
Mean TNF-α levels were higher among patients who remained in remission vs relapsers: 10.85 vs 7.31, p = .035. The mean IL-4 + IL-10/ IL-6 + TNF-α ratio was higher among patients in remission vs relapse at 12 months: 23.77 vs 12.54 (p = .048). (Fig. 1). 
Serum vitamin D and serum cytokine profile correlations
In our linear regression analyses, serum vitamin D correlated with serum IL-10 levels (r = 0.3335, p < .01) and serum IL-4 + IL-10 (r = 0.2611, p = .03). Serum vitamin D did not correlate with IL-4 or any of the proinflammatory cytokines (IL-6, IL-8, IL-17A, TNF-α). (Supplementary Fig. 1 ). Higher serum vitamin D levels correlated with increased serum anti-inflammatory-to-proinflammatory cytokine ratios IL-4 + IL-10/IL-17A + TNF-α (r = 0.3559, P < .01) and IL-4 + IL-10/ IL-6 + TNF-α (r = 0.3249, P < .01) (Fig. 2) .
Univariate analysis of baseline serum cytokine profiles for presence of baseline mucosal healing and risk of clinical relapse
Supplementary Table 1 summarizes the univariate analysis of serum cytokine profiles for the presence of baseline histologic mucosal healing and risk of clinical relapse. No individual serum cytokine (per 1 pg/mL) or serum cytokine ratio (continuous data, not dichotomized based on threshold) significantly correlated with either presence of histologic mucosal healing or risk of clinical relapse at 12 months.
Serum cytokine profiles with a trend towards association (defined as p < .300) were further analyzed in ROC curve analyses to determine thresholds of serum cytokine profiles that were significantly associated with either mucosal healing or clinical relapse (Table 3) . Among the serum cytokine profiles selected, serum cytokine ratio IL-4 + IL-10/IL-17A + TNF-α had the greatest ability to identify UC patients with baseline histologic mucosal healing with an area under the curve (AUC) of 0.641, p = .044. A serum cytokine ratio IL-4 + IL-10/IL-17A + TNF-α threshold of 0.1522 had the greatest sensitivity (52.6%, 95% CI 35.8-69.0%) and specificity (75.0%, 95% CI 56.6-88.5%) with a likelihood ratio of 2.015 (Table 3) . We thus used a threshold of 0.1522 in Fig. 1 . The mean IL-4 + IL-10/IL-6 + TNF-α ratio was higher among patients in remission vs relapse at 12 months: 23.77 vs 12.54 (P < .05).
our logistic regression analyses for presence of histologic mucosal healing. Among the serum cytokine profiles selected for ROC curve analyses for outcome of clinical relapse, serum cytokine ratio IL-4 + IL-10/IL-6 + TNF-α had the greatest ability to predict risk of clinical relapse with an AUC of 0.700, p = .012 (Fig. 3A) . A serum cytokine ratio IL-4 + IL-10/IL-6 + TNF-α threshold of 13.03 had the greatest sensitivity (55%, 31.5-76.9%) and specificity (82%, 68.6-91.4%) with a likelihood ratio of 3.06 for predicting clinical relapse at 12 months. We used a threshold of 13.03 in our logistic regression models for the outcome of clinical relapse. UC patients with a ratio ≤13.03: 17.1% (6/35 patients) vs 40.0% (14/ 35 patients), p = .035. Furthermore, in our time-to-event analysis, UC patients with a serum cytokine ratio of IL-4 + IL-10/IL-6 + TNF-α > 13.03 had an increased time to clinical relapse (p = 0.03 by Logrank Mantel-Cox test) compared to patients with a ratio ≤13.03 (Fig. 3B ).
Multivariate analysis of presence of baseline histologic mucosal healing
Multivariate analysis of risk of clinical relapse
Discussion
In this prospective cohort study of patients with ulcerative colitis, we demonstrate for the first time that higher serum vitamin D levels positively correlate with serum anti-inflammatory cytokine ratios, and clinical outcomes. Higher anti-inflammatory cytokine ratios during a period of remission are associated with increased presence of histologic mucosal healing, and decreased risk of longitudinal clinical relapse in multivariate analysis.
Although the effect of vitamin D on serum cytokine release from peripheral immune cells has been studied in other disease models, the role of vitamin D on cytokine profiles in ulcerative colitis has not been critically examined. To our knowledge, this is the first study establishing an association between serum vitamin D levels and serum cytokine profiles in UC patients. One previous cross-sectional observational study [23] demonstrated that low serum vitamin D levels are associated with increased mucosal mRNA expression of TNF-α and IL-8 in UC patients. However, the study only measured mRNA of two cytokines and did not link cytokine mRNA levels to future UC clinical outcomes.
The results of our study indicate that higher serum vitamin D correlated with increasing levels of serum IL-10, which is consistent with experimental in vitro models [13, 17] as well human studies with vitamin D supplementation. [18, 19] . Furthermore, our results parallel one study [21] involving Crohn's disease patients which demonstrated an association between serum vitamin D and IL-10 levels. Serum and mucosal cytokine profiles in ulcerative colitis have been previously shown to correlate with disease activity and clinical outcomes. One previous study [29] involving patients with moderate to severe UC demonstrated that serum IL-8 levels correlated with endoscopic and histologic activity. Another study [30] demonstrated that UC patients with therapy failure with anti-TNF treatment have a more severe proinflammatory cytokine profile (IL-1β, IL-6, and IL-17A) prior to therapy. Our study, which enrolled only UC patients in clinical remission, did not show an association between serum IL-8 levels and histologic activity or risk of clinical relapse. Previous studies with UC patients in remission [31, 32] have shown no association between serum cytokine levels and clinical relapse. Our findings are consistent with these previous studies that no individual cytokine level was associated with clinical relapse. However, these previous studies did not measure anti-inflammatory cytokines or examine the net effect of anti-inflammatory and proinflammatory cytokines. Our finding that higher serum vitamin D is associated with a more anti-inflammatory cytokine phenotype could be interpreted in several ways. One explanation is that higher serum vitamin D increases the production of anti-inflammatory cytokines relative to proinflammatory cytokines. Although our study was observational and cannot directly establish causality, previous interventional in vitro and clinical studies [13, [17] [18] [19] provide evidence that vitamin D supplementation increases anti-inflammatory cytokines. Another explanation is that lower serum vitamin D level is a consequence, rather than a cause, of the chronic elevation of inflammatory cytokines. In our cohort, the temporal relationship between serum vitamin D and cytokine profiles is unclear. Clinical trials evaluating the effect of vitamin D supplementation on serum cytokine profiles and clinical relapse among ulcerative colitis patients are thus warranted.
Another major finding in our study was that a more anti-inflammatory cytokine phenotype during remission protects against future clinical relapse. Serum anti-inflammatory to proinflammatory cytokine ratios may represent a novel predictor of ulcerative colitis clinical relapse beyond the endoscopic and histologic phenotype. Indeed, in one study by Zenlea et al. [33] , even ulcerative colitis patients in clinical, endoscopic, and histologic remission had a clinical relapse rate of about 7%. Based on our findings, we speculate that preceding serum cytokine imbalances towards a proinflammatory phenotype may be a prelude for future histologic inflammation and clinical relapse.
Our study has several major strengths. First, our study was prospective and clearly established a baseline serum anti-inflammatory to proinflammatory cytokine ratio exposure preceding the outcome of clinical relapse. Second, our study was physician-and investigatorblinded: physicians assessing for relapse status at our follow-up periods were blinded to baseline serum vitamin D and cytokine profiles. Likewise, investigators measuring serum vitamin D and cytokine levels were also blinded to clinical outcomes. The de-identified serum samples were not combined with their corresponding clinical outcomes data until after the study period had ended. Third, our study quantified the ratios of anti-inflammatory to proinflammatory cytokines rather than focusing on individual cytokine levels, which allowed us to explore the net effect of the cytokine imbalance which has been implicated in the pathogenesis of IBD.
Our study has several limitations that merit attention. First, our sample size was small and only included UC patients in clinical remission. This limits the generalizability of our findings to only ulcerative colitis patients in remission. Second, our study was based on a single measurement of serum vitamin D and cytokine levels at time of enrollment. However, previous epidemiological studies have shown that serum vitamin D [34] and cytokine measurements [35] [36] [37] from a single time point have acceptable temporal stability, reliability, and reproducibility for prospective studies. We also did not measure 1, 25(OH)2D3 levels, which may provide additional insights into whether there are differences in the physiologically active form in patients with UC. Third, our study is observational and limited by the inability to account for potential unmeasured confounders. Although our study adjusted for baseline vitamin D supplementation in our UC patients, we did not take into account baseline dietary vitamin D intake, BMI, physical activity, medications that may affect vitamin D levels, adherence to medical therapy, or co-morbid inflammatory conditions other than IBD. Notably, current vitamin D supplementation did not independently associate with the clinical outcomes, addressing the potential of supplement use to confound the results.
Our study has several clinical implications. First, our findings propose a potential mechanistic link between serum vitamin D and its immunoprotective effects on ulcerative colitis clinical outcomes. If higher serum vitamin D levels encourage a more anti-inflammatory serum cytokine profile in patients with UC, this supports the importance of maintaining adequate levels of vitamin D to maintain clinical remission in patients with UC. Second, our study provides a rationale for further exploring serum cytokine profiles, rather than individual cytokine levels, as biomarkers of histological remission. Serum anti-inflammatory to proinflammatory cytokine ratios may also be used to identify UC patients who are at greater risk of clinical relapse.
In summary, our study demonstrates that in a prospective cohort of ulcerative colitis patients in clinical remission, higher serum vitamin D correlates with greater serum anti-inflammatory to proinflammatory cytokine ratios, and these anti-inflammatory cytokine phenotypes are associated with increased presence of histologic mucosal healing and decreased risk of clinical relapse. Our data provide further evidence for the anti-inflammatory effect of vitamin D on ulcerative colitis and suggest that the protective effects of vitamin D on risk of relapse may be partially cytokine-mediated.
Conflict of interest
Guarantor of Article: John Gubatan, MD.
Specific author contributions:
John Gubatan and Alan Moss planned and designed the study and analyzed the data; John Gubatan and Shuji Mitsuhashi measured serum vitamin D and cytokine levels; Maria Serena Longhi assisted with cytokine multiplex assays. Talia Zenlea and Laura Rosenberg enrolled patients and collected clinical data, Simon Robson provided the laboratory support, John Gubatan drafted the manuscript; all authors interpreted the results and contributed to critical review of the manuscript; John Gubatan had full access to all of the data in the study and takes responsibility for the integrity of the data and accuracy of the data analysis.
Financial support
NIH Grant K23DK084338, Rabb Research Award.
Potential competing interests
Authors have no conflicts of interests or financial disclosures relevant to this manuscript.
